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Abstract--A method is presented that allows one to calculate changes in ion concen- 
tration from the response of an ion sensitive electrode, under conditions where the 
response of the electrode is nonlinear. In the calculations the response curve of the 
electrode is fitted with a polynomial function of the fourth power. Changes in the con- 
centration of the probe-ion can be calculated with this polynomial. The calculation is 
based on a converging iteration procedure in which the concentration to be calculated 
is the zero value of the polynomial. The iteration procedure is run in Basic on a personal 
computer. This method extends the useful range of ion concentrations by more than 
one order of magnitude. 
INTRODUCTION 
Ion-selective electrodes have been used for many years to assay the concentration of 
various anions and cations[ I, 21. The development of electrodes with a polyvinylchloride 
membrane, in combination with the use of natural (valinomycin[3]) or artificial (ETH 
1001[4]) ionophores particularly has widened the field of application of these sensors[_‘. 
61. Their main advantages are the continuous response, simplicity and low cost. With the 
development of biosensors for various low-molecular-weight compounds like ethanol. 
glucose, alanine, glutamate. etc.[7, 81, it can be anticipated that the use of ion-selective 
electrodes will only become more important in the years to come. The development of 
electrodes responding to immunoglobulins[9-1 I] will widen the scope of these electrodes 
in the medical field. 
The response of almost all (bio)sensors is characterized by two phases in their response. 
(i) At high concentrations of the ion or molecule to be sensed (the probe) a linear increase 
in the response of the electrode with the concentration (or the logarithm of the concen- 
tration) of the probe is obtained. Examples are polyvinylchloride-based ion-selective elec- 
trodes, for instance, selective for potassium. This type of electrode is characterized by 
a response that can be described by the Nernst equation. (ii) Upon lowering the concen- 
tration of the probe, the response of the sensor deviates from linearity until the response 
to the probe disappears in the (electrical) noise of the electrode. 
The applicability of ion-selective electrodes is usually limited to the concentration range 
of the probe in which a linear or “Nernstian” response is obtained. If only very small 
changes in the probe concentration are to be measured the electrode might also be used 
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at suboptimal probe concentrations, provided that the submaximal sensitivity of the elec- 
trode is accounted for in the calculations. In this communication. however. vve will de- 
scribe an example of the more rigorous approach which allows one to use (bio)sensors 
in the suboptimal response range by taking into account in the calculations the nonlinearity 
of the response of the sensor[6. 191. This extends the useful range of probe concentrations 
of such sensors with at least one order of magnitude. This is important in applications of 
anion-electrodes for measurement of bioenergetic parameters like a transmembrane pH 
gradient (JpH) or electrical potential (I$), the field uhere we have so far mainly used 
the ion-selective electrodes. However. the procedure is also applicable to other assay’s 
in which a nonlinear calibration curve has to be accounted for. 
MATERIALS AND METHODS 
Membranes responding to lipophilic anions were formed essentially according to Shinbo 
(It clC.151. as described previously[ I?]. Benzyl-dimethyl-hexadecylammonium chloride 
(Fluka AC. Buchs SG, Switzerland) was used to sensitize the polyvinylchloride. The 
construction of the electrode, the reference electrode. the vessel for measurements and 
the high-impedance amplifier were all as described previously[lZ, 131. Stock solutions 
(0.2 M) of salicylate. perchlorate and benzoate were made from solid salicylic acid, 70% 
perchloric acid and solid benzoic acid, respectively. The three acids tvere obtained from 
Merck-Schuchardt. Darmstadt. FRG. They were neutralized with concentrated solutions 
of potassium hydroxide. Solid potassium thiocyanate was obtained from Sigma Chem. 
Co.. St. Louis, MO. These solutions were made SO mM in potassium phosphate. and theit 
pH was adjusted to 7.0. For calibration of the electrodes. additions were made vvith 
Hamilton microsyringes (Hamilton Bonaduz AC. Bonaduz. Switzerland). The resulting 
changes in volume (0. I%-1.0%) were neglected. The mcasnrements vvere made at 3O’C 
in 50-mM potassium phosphate buffer pH 7.0. 
RESULTS AND DISCUSSION 
An anion sensitive ion-selective electrode can be calibrated by stepwise additions of 
the anion to a vessel containing the standard buffer. Since in bioenergetic studies various 
anions can be applied[ 141. we tested the sensitivity of the anion electrode towards thio- 
cyanate and perchlorate (probes for a A$, inside positive) and towards salicylate and 
benzoate (indicators for a hpH. alkaline inside). The results in Fig. 1‘4 show that the 
anion electrode, sensitized with benzyl-dimethyl-hexadecylammonium chloride, is most 
sensitive to thiocyanate. Its sensitivity towards the other anions decreases from salicylate 
via perchlorate to benzoate. The most convenient way to judge the response of the elec- 
trode is via a plot of the first derivative of the electrode response against the logarithm 
of the anion concentration (Fig. IB). In such a graph the sensitivity of the electrode tin 
mvidecade change in the concentration of the anion) is plotted against (the logarithm of) 
the anion concentration. It can be seen that in the concentration range tested ( IO @l-I 
mM) the sensitivity of the electrode towards thiocyanate increases continuously up IO 
400 PM, at which concentration the response of the electrode is at its maximum. For the 
other anions tested, the sensitivity of the electrode towards salicylate and perchlorate 
increases continuously in the same concentration range. Its response towards benzoate 
is very poor. From these results it is clear that thiocyanate and salicylate are the best 
probes (for an inside positive 1.6 and an inside alkaline 1pH. respectively) of the ones 
tested. 
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Fig. I. Calibration curves of the anion-electrode. The electrode potential as a function of the logarithm of the 
concentration of the anion is given in part A. In part B the derivative of the polynomial, fitted to the data shown 
in part A, is plotted as a function of the (log,arithm of the) anion concentration. Z equals the sensitivity of the 
electrode in mV per tenfold change in the amon concentration. ANN-: anion. I: thiocyanatc: o: salicvlate: 3: 
perchlorate: and V: benzoate. The closed symbols in part B represent similar data for measurement for tetra- 
phenylphosphonium with a cation-sensitive electrode[S]. 
For comparison the response of an electrode. sensitive to lipophilic cations. towards 
tetraphenylphosphonium is included in Fig. I B. The response of such an electrode towards 
this lipophilic cation is constant at WmV electrode potential per decade change in the 
concentration of the cation in this concentration range. A lowering of this sensitivity only 
occurs below a concentration of I FM (data not shown). In such an electrode the poly- 
vinylchloride is sensitized with tetraphenylborate[j]. 
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Table I. Response time of the anion electrode towards 
changes in the salicylate concentration. The 
measurements here made in standard buffer as 
described in Materials and .Ilethods. The response 
time as the time required for obtaining WC; of the 
maximal electrode response tr,) V). and is given in 
seconds 
Salicyiate concentration (~*ktJ Response time tsl 
The response time of the anion electrode varies considerably with the concentration 
of the probes (Table I). When this parameter is defined as the time required to reach 90% 
of the maximal response. it decreases from over 2 min at I PM of salicylate or thiocyanate 
to IO s or less at concentrations of 100 FM and above. The drift of the electrode is less 
than 7 mV/h. The electrical noise of the electrode is less than 0.2 mV. 
Although it is clear that the anion electrode can give a Nernstian response to both 
thiocyanate and salicylate (at high concentrations. Fig. I), it is necessary to work in the 
non-Nernstian response range of the electrode if one wants to use it to characterize bio- 
energetic processes in bacteria. Figure 2 shows the effect of various concentrations of 
salicylate on the growth rate of Rhotlopsc~~tlo~~~or~cls sphtrewittcs. Growth of the photo- 
trophic bacterium is (slightly) inhibited already at the lowest concentration of salicylate 
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Fig 2. Effect of salicvlate ta 1 pH probe) on the growth rate of R/rodop.\~rlt/r,,,t~,,~tr.v .\p/rtreroitles. The grou th 
rate ofthis phototrophic bacterium was measured anaerobically at high lipht-intensities in 10 ml screw-cap tube\ 
in the Sistrom-medium. as described previouslv[l8]. The bars represent the standard deviation (II = 12). I_L 
represents the specific grotith rate of the bacterium. 
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tested (50 PM). This is not due to dissipation of 1pH by the probe molecules, as could 
be demonstrated with -“P NlllR[ I?]. However. it is clear that in studies in which the 
grovvth rate of the bacterium is related to bioenergetic parameters. like the proton m0tiv.e 
force. the lowest possible salicy,late concentration should be used. This is the concentra- 
tion range where the electrode does not have a Nernstian response. An analogous situation 
exists for 1 Q measurements in chromatophores of Rllo~lop.scrrtlo/)lollrrs splrtrr~itl~~s uith 
thiocyanate as a probe (Grootjans and Hellingvterf. unpublished observations). 
A computer program was developed in Basic in order to calculate changes in the con- 
centration of the lipophilic anions from changes in the electrode potential in the concen- 
tration range of the anions in vvhich the sensitivity of the electrode (Z) varies. This software 
can be run from a floppy disk on a 64K Apple I1 - microcomputer. It consists of a number 
of subprograms. linked by Applesoft chaining. to avoid problems with the limited avail- 
ability of memory. Thii procedure makes use of the binary file “Chain”. from the Apple 
II’ System Master diskette. Upon chaining two programs the information on variables 
and arrays in the computer memory is not lost. 
The software is schematically represented in Fig. 3. It consists of tvr’o parts. In the 
., START 
OF PROGRAM 
I INPUT NEW CALIBRATION DATA I- 
t 
READING OF I 
CALIBRATION DATA 
1 
POLYhOh!lAi CALCULATIC’e 
FROkl DISK 
1 
STORAGE 310 OR DISPLAY 
OF + 
CALIBRATION CURVE 
INPUT 
EXPERIMENTAL PARARIETERS 
_. 
CONVERGING 
ITERATION PROCEDURE 
TO CALCULATE CHAPIGES 
IN PROBE CONCENTRATION 
CALCULATION OF ~ 
a,$ OR apH ( 
158-I Kt_\-\.sJ. HELLINGHERF 4x11 LAMBERT J. GROOTJ~~S 
first part the calibration curve is calculated from the calibration data as a fourth-order 
polynomial fit to the data. Mathematical analysis (see below) indicated that this order is 
optimal for our analysis: the derivative of the polynomial should minimally be of third 
order, since the derivative of the calibration curve has a sigmoidal form (Fig. 19): an 
order larger than 4 often gives a poorer fit at the extremes of the curve. Precautions are 
taken to limit the use of the calibration curve to anion concentrations that are iess than 
90% of the maximal concentration in the calibration. The fitted polynomial is displayed 
through the use of a HGR page of the Apple and, if necessary, plotted. The appro- 
priateness of the calculated polynomial is judged from the residuals of the fitll51. If nec- 
essary, the coefficients of the polynomial plus the calibration data can be saved on disk. 
As an alternative a previous calibration curve can be loaded in the memory for further 
calculations. 
In the second part of the program (Fig. 3) the calculations are executed. We have used 
the anion electrode mainly to measure the magnitude of ApH or 1C[l2. 131. Therefore, 
first the experimental variables that are necessary for this calculation are entered. These 
are ti) the initial volume of buffer tv,,) in ml. (ii) the added volume of cells or membranes 
(v,,) in ml, (iii) the protein concentration of the stock-suspension (P, ) in mg/ml, (iv) the 
internal volume of the cells or membranes (vi) in t.J/mg protein and (v) the measured 
electrode response upon addition of the cells or membranes (Lb’?). From these initial 
parameters. the values for (i) the probe concentration after the addition of cells (co) and 
(ii) the relative intracellular volume during the experiments are calculated. In addition. 
the theoretical electrode response upon addition of the stock suspension of cells or mem- 
branes is calculated. This value. compared with its experimentally measured counterpart. 
allows one to measure whether probe binding occurs[ I I]. whether a resting potential exists 
before energization or whether interference artefacts occur. Subsequently. a series of 
experimental results can be entered as data pairs (x, 1 V, ). in which .r can be any variable 
(e.g. time, light intensity, etc.). and A V, is the electrode response upon energization of 
the cells or membranes (e.g. with light). This routine is interrupted by the entrance of 0 
for the a VI. 
With each entered value for 1 V, a corresponding probe concentration during energi- 
zation (c,,) is calculated with the converging iteration procedure. as schematically outlined 
in Fig. 4: From the coefficients of the fourth-order polynomial and the probe concentration 
after addition of the cells (co), V,, can be calculated. Together with 1 VI. this yields V,.. 
Fig. 1. Explanation of the procedure for the converging iteration. For dcGls. SW tc~t 
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Subsequently. I’<. is subtracted from the pal) nomial so that (‘<. now equals its zero-vaiue 
(see right-hand part of Fig. -I). Nekt. various values of C’ ;ire entered in the transformed 
polynomial to check vv hether they equal c’<.. the concentration at which it now equals zero. 
The v,alues are chosen such that each segment to be analy,zed for cc. is split into two equal 
parts (i.e. the first value is AC,,). The sign for the transformed polynomial at (’ = .:c,,, decidss 
in which of the two segments I’,. is located. i.e. if it is negative at c = $,,). then c’, > .+(,,1. 
and the second value is entered for (’ equals ;c,~~. This procedure is repeated until the 
absolute value for the transformed polynomial at the tested concentration is less than 0. I 
mV. At this v.alue C’ is set to equal c<.. With each of the values for c’<. the magnitude of 
the generated IpH or .A& is calculated (see legend to Fig. 7). 
It should be noted that in these calculations no correction for probe binding[lh. I71 in 
the ApH or A& measurement is made. This is because vvith neither of the anionic probes 
did we observe such probe binding below 10 miLl of the probes (Grootjans and Hellinguerf. 
unpublished). It is rather simple. houever. to introduce such corrections in the calculations 
whenever necessary[l7]. The output of the data can be obtained in the form of a table 
and/or a graph of the IpH or Arlr against the parameter .Y. 
The basic shape of all the calibration curv’es of ion-selective electrodes is the same: In 
a graph of the electrode response against the logarithm of the (ion) concentration a 
gradual increase from zero is observed which increases to a linear relation (but not pro- 
portional) between the two parameters at high concentrations, with a Nernstian slope 
([I j. see also Fig. It.-\). The derivative of such a curve is sigmoidal. Unfortunately.. no 
definite integrals can be given for such a curve. Of the more or less related curves the 
exponential sigmoidal curve does have definite integrals. vr.hich vvould make it suitable 
for use in the fitting of the calibration data. Hovvever. no simple procedures exist for a 
linear least squares best fit of such a curve that can be run on a microcomputer: for main- 
frame computers, such programs are available (see. for instance. [6] and [ 191). 
For these reasons vve have taken the approach to use a poly,nomial to fit the calibration 
data. since no definite analytical solution is available. If one vvants to tit a major part of 
the calibration curve. the minimal order of the polynomial is 1 (for smaller part5 lovvet 
orders ~vould suffice). This is because the derivative of the calibration curve is sigmoidal. 
and a sigmoidal curve can be approximated by a third-order polynomial. which has a 
minimum and maximum around its inflection point. Orders larger than 4 for the poly,nomial 
are not necessary and are even disadvantageous cv hen only a limited number of calibration 
data are available. particularly at the extremes of the curve. 
The accuracy in the calibration of atlion concentrations vvith the conv,erging iteration 
procedure is limited by the maximal value of the polynomial at the intersection vr.ith the 
concentration axis. We have set this value at 0. I mV because this equals the electrical 
noise on the electrode (see above). This results in an accuracy in the calculation of the 
concentration of the anion of between 0.4% and 1.5%. when the sensitivity ofthe electrode 
(Z) varies from 60 to 15 mV/decade. This accuracy in the calculations can be increased. 
roughly inversely proportional to the limitation in the value of the polynomial at the 
intersection. with a correspondin g increase in the time required for the calculations due 
to the iteration procedure. 
If the sensitivity of an electrode falls below 15 mV/decade. the calculations become 
increasingly inaccurate. If necessary, the program can be protected against use vvith an 
electrode with a too low sensitivity by applying the iteration procedure tin the auuiliary~ 
program Zero-it) to the derivative of the calibration curve. The latter routine should be 
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incorporated in the main program Polycalc and results in a limit value for the anion 
concentration. 
The software described in this report is available from the authors on request. either 
on a i-in. tloppy disk or as an Applesoft listing. 
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